A B S T R A C T We examined the inotropic effect of tachycardia in nine postsurgical aortocoronary bypass graft patients (with intact cardiac innervation) and nine cardiac allograft recipients (with denervated hearts). The changes in stroke volume (SV) and velocity of circumferential fiber shortening (VCF) which accompany sudden increases and decreases in atrial pacing frequency were determined by computer-aided fluoroscopic analysis of the motion of surgically implanted midwall myocardial markers. Because the first beat after a change in rate retains the frequency characteristics of the preceding rate, we compared the first posttachycardia beat with control beats and late tachycardia beats with the first tachycardia beat; afterload and preload for each pair of beats were similar. For an increase in heart rate of 50 beats/min, SV and VCF rose 79 and 64% from the first tachycardia beat to late tachyeardia beats, and SV and VCF rose 8 and 35% from control beats to the first posttachycardia beat in the innervated group. Responses in the denervated group were not significantly different from those in the innervated group. The degree of the inotropic response was positively correlated with the magnitude of the increase in heart rate (r = 0.91). The decay in augmented contractility after decreasing the rate back to control levels fits an exponential relationship with a mean t1/2 of 1.7 s. Thus, in conscious man, increases in heart rate represent a positive inotropic stimulus, independent of other factors influencing ventricular performnance anid unaffected by neural inniervation, anid should be coinsidered when changes in cardiac function are interpreted during serial studies or after drug administration.
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INTRODUCTION
Cardiac frequency influences performance of the intact ventricle not only by altering cardiac output at the extremes of heart rate, but also by a direct effect upon contractility (1) . The extent of this direct contribution to contractility is commonly overlooked in man during evaluations of inotropic agents, most of which have concomitant chronotropic effects. Intrinsic inotropic drug effects in awake patients may be obscured by reflex adjustments that can attenuate drug effects. Moreover, in evaluating these effects in man, as compared with animal studies, there is difficulty maintaining constant the major determinants of ventricular performance such as heart rate, blood pressure, and filling pressures. Therefore we evaluated the extent to which increases in heart rate affect contractility in man, and examined both normally innervated subjects and cardiac allograft recipients whose hearts are devoid of extrinsic neural control. In addition, we sought to ascertain the time-course of these frequency-dependent changes in awake man.
Because of the difficulty in establishing the independent effect of cardiac frequency upon contractility in man, we used a technique modified after Mahler et al. (2) to compensate for changes in cardiac dimensions, systemic pressure, and possibly reflex adjustments which occur secondarily to heart rate changes. Our results suggest that increases in heart rate yield significant intrinsic improvements in contractility independent of changes in cardiac preload or afterload and unaffected by neural innervation.
METHODS
Patient characteristics. We studied 18 patients, aged 18-58 yr, whose clinical and hemodynamic features are presented in Table I . The first group comprised nine patients studied 4-10 d after saphenous vein aortocoronary bypass grafting. All patients had two or more grafts placed. Two patients had preoperative myocardial infarction, and two (4) confirmed the absence of graft rejection at the time of study. Each patient had experienced the usual posttransplant diuresis that occurs during reestablishment of a normal extracellular fluid volume, and none displayed clinical evidence offluid overload. All but two patients had a normal cardiac index (>2.5 ml/min per M2) (Table I) , two patients had a slightly reduced stroke volume index (<30 ml/M2), and one patient had elevated end-diastolic volume (> 110 ml/M2). All had a low ejection fraction (<0.60), a hemodynamic feature characteristic of the resting state in the human cardiac allograft recipient (5) . Their medications included prednisone, azathioprine, dipyridamole, and sodium warfarin; none was taking digoxin or other cardioactive drugs.
At the time of surgery, each patient had two temporary electrodes sutured high in the interatrial groove (of the donor atria in cardiac allograft recipients) and exteriorized to the chest wall for use in the postoperative period. No intraoperative or postoperative complications resulted from the use of these temporary atrial pacing electrodes. Myocardial dynamics measurements. The use of intramyocardial markers to assess myocardial dynamics noninvasively has been described previously (6) . During surgery, tiny tantalum coils (1.5 x 0.85-mm) were inserted into the mid left ventricular wall in seven locations (at the apex, and at three equidistant points from apex to base along the anterolateral and inferior margins), thereby outlining the left ventricular cavity as it is seen in the 300 right anterior oblique projection. Two silver tantalum clips were placed in the aortic adventitia, 3 (8) . Volumes computed from the intramyocardial marker coordinates include the volume ofmyocardium between the markers and the endocardial surface, and these were corrected with a regression equation obtained from an earlier comparison of volumes obtained from simultaneous marker analysis and left ventriculograms (9) . End-diastolic volume (EDV)l and endsystolic volume were derived from the maximum and the minimum, respectively, of the instantaneous volume curve. Stroke volume (SV) was calculated as the difference between EDV and end-systolic volume. Velocity of circumferential fiber shortening (VCF) was defined as the rate of change of the average ventricular diameter, calculated for each frame as one-third the sum of the six minor radii, from the maximum average ventricular diameter within 50 ms of the R wave to the average diameter 167 ms (five frames) later, normalized for the maximum average ventricular diameter. This measure ofVCF represents a modification of previous methods used to determine the velocity of fiber shortening in unanesthetized man (10) (11) (12) .
Experimental protocol. To establish the basal myocardial dynamic characteristics of the patient (Table I) , at least three consecutive beats during spontaneous sinus rhythm were recorded fluoroscopically, and resultant measurements averaged. The experimental protocol then proceeded as illustrated I Abbreviations used in this paper: EDV, end-diastolic volume; SV, stroke volume; VCF, velocity of circumferential fiber shortening. measured in five patients (with a fluid-filled cathetertransducer system in four, and a high fidelity pressure manometer in one) during seven abrupt increases and decreases in pacing frequency to determine aortic pressures at each pair of conditions (slow paced and rapid paced). Data analysis. To control for the altered left ventricular dimension that occurs with the change in frequency of contraction of the intact heart (Fig. 1) , taking into account the observation that the first beat after a sudden change in rate retains the frequency characteristics of the previous rate (2, 14) , the first beat after the increase in rate (first tachycardia beat) was compared with the average of three beats recorded after prolonged pacing (late tachycardia beats) at the faster rate. Similarly, the first beat after reducing the frequency of contraction (first posttachycardia beat) was compared with the average of three beats recorded initially at the slower paced rate (control beats). Sequential beats after reducing the rate were examined to analyze the decay of the positive inotropic effect of tachycardia, and to confirm the assumption that a frequency effect persists during the first beat after a sudden change in rate.
For In studies on five allograft recipients, average aortic diastolic pressure of the last rapidly paced beat (which contributes to the afterload effects upon VCF of the next-first posttachycardia-beat) was 73±2 mm Hg and that of control beats 75±2 mm Hg (NS). Peak systolic pressures of the first posttachycardia and control beats were 120±4 and 115±2 mm Hg, respectively (NS). Average diastolic pressure ofthe last control beat (which contributes to the afterload characteristics of the next-first tachycardia-beat) was 76±2 mm Hg, whereas that of late tachycardia beats was slightly higher, 80±1 mm Hg, P < 0.05. Peak systolic pressures of the first tachycardia beat and late tachycardia beats were 115±2 and 120±4 mm Hg (NS).
The magnitude of the change in VCF was positively related to the magnitude of increase in heart rate Heart Rate Increment (beats/min) FIGURE 2 Relationship between increase in VCF (first posttachycardia beat vs. control beats) and degree of heart rate augmentation in four cardiac allograft recipients. A progressive rise in the increase ofVCF occurs with progressive increments in pacing frequency. HR, heart rate.
( Fig. 2 ). An analysis of all points by a least squares linear fit yielded the equation, % AVCF = 1.35A heart rate -16.5, r = 0.91, n = 13. Fig. 3 illustrates the change in augmented VCF compared with control during sequential posttachycardia beats, as applied to a nonlinear least square fit (% AVCF = aell's), for the raw data illustrated in Fig. 1 frequency of stimulation are apparent (14) , as are differences dependent upon intrinsic ventricular function (14, (22) (23) (24) . In practice, an independent effect of cardiac frequency upon contractility in man (25, 26) has been difficult to establish because changes in heart rate in unanesthetized man are accompanied by changes in cardiac dimensions and systemic pressure and possibly by reflex adjustment of the cardiac contractile state. Alterations in preload and afterload that occur coincident with perturbations of the basic rate produce changes in any measured index of contractility which are independent of alterations in the inotropic state (9, (27) (28) (29) (30) (31) (32) (33) .
Comparison of ejection phase indices from our data during steady-state tachycardia (late tachycardia) with those at the control rate illustrates the difficulty in interpreting the effect of tachycardia upon contractility. In patients with denervated hearts, for example (Table  II) , SV fell 41% during late tachycardia from a control of 37 ml, and VCF rose slightly from 0.86 circumference/s, whereas EDV was 27% smaller than the control of 78 ml and systolic pressure rose slightly from 115 to 120 mm Hg. VCF, calculated by our method with a constant, or rate-independent, ejection time tends to underestimate velocity of shortening during tachycardia and is more preload dependent than other methods of measuring VCF (12, 34, 35) . Nevertheless, although these data imply that left ventricular performance is improved during tachycardia by the fact that VCF is maintained or slightly increased in spite of concurrent alterations in preload and afterload that should, independently, produce a reduction in VCF, an assessment of the true inotropic effect of tachycardia cannot be made by this type of analysis.
An alternative analysis takes advantage of an experimental design (2) which permits the comparison of an index of contractility at two frequencies of contraction while afterload and preload are constant at each frequency. An important consideration in this analysis is that the contractility effects of a given frequency of contraction persist during the first beat after a sudden change in frequency. This assumption is supported by studies in man of the contractile state of individual beats having varying RR intervals during atrial fibrillation (36, 37) , and by the work of Koch-Weser and Blinks (14) demonstrating a gradual transition phase from one to another contractile state brought about by a change in frequency. Our results (Fig. 3) and those of Mahler et al. (2) , illustrating a gradual decay of augmented inotropy after reduction in heart rate, provide further evidence in favor of this assumption.
Thus, beats at control paced rate may be compared with the first posttachycardia beat which is under the influence of the augmented rate, but at a level of preload and afterload similar to control. Late tachycardia beats may be compared with the first tachycardia beat which is under the influence of the slower control rate and at a level of preload and afterload similar to late tachycardia. By this procedure, a pair of beats at each of two frequencies is generated for analysis.
EDV was similar for each pair of comparisons, and, except for the change in SV in the denervated group, the ejection phase indices of contractility were significantly augmented by tachycardia in both patient groups. The RR interval of the first posttachycardia beat was an average of 33 ms less than that of control beats. This resulted in a small, though not statistically significant, reduction in EDV in the denervated group, and may have counteracted the increase in SV associated with tachycardia in this group.
Inasmuch as ejection phase indices of contractility, such as SV and VCF, are sensitive to changes in afterload (34, 38) it is important to confirm that constant afterload is maintained over the series of beats being compared. A major determinant of afterload, when enddiastolic pressure and EDV are constant, is the pressure encountered at the time of aortic valve opening-the aortic diastolic pressure of the previous beat. These aortic valve opening pressures, measured in five patients, were similar for each pair of comparisons during several alterations of pacing frequency. Peak systolic pressures of the beats under comparison also were similar. A strict assessment of afterload and its effect upon a measure of mean VCF requires calculation of mean ventricular wall stress throughout ventricular ejection (39) . Because a sudden increase in the frequency of contraction is known to reduce the time to development of peak tension and to shorten duration of the active state (26) , integration of the stress-time relationship at each of faster and slower rates may yield differing mean stress values which would thus independently alter velocity. However, time to peak tension and duration of the active state change with the first beat after a change in rate, and persist thereafter (26) . Thus, our comparison of VCF at each pair of beats is probably a valid assessment of the inotropic state.
The method used herein to calculate VCF differs from other methods (10) (11) (12) in a number of respects that may influence the results. Six minor radii were used to calculate an average ventricular diameter to obtain a measure of a mean fiber shortening at the midwall in the right anterior oblique plane. This method allows segmental wall motion abnormalities to influence the shortening calculation, and avoids the contribution of wall thickening to circumferential shortening when VCF is measured at the endocardial surface (40) . The fact that individual segments terminate inward motion at different times suggests that use of a shortened ejection period for VCF calculation may minimize effects of heterogeneous segmental relaxation. Shortening was measured over a constant time period (five cinefluoroscopic frames, or 167 ms) from the maximum average ventricular diameter. This technique of calculating VCF from the dynamics of intramyocardial markers proved to be more sensitive than using shortening over the entire ejection period, where sensitivity was assessed by determining the frequency of statistically significant changes in velocity that occurred after isoproterenol administration (41) for frequency-dependent chainges in contractility is related to alterations in the amount of calciumii available to the excitation-contraction coupling system (14, (44) (45) (46) , possibly by interactions with sodium transport (47) . An increase is systemic catecholamine concentration, by augmenting cyclic AMP activity and subsequent release and uptake of calcum by the sarcoplasmic reticulum (48) (2) . may be applied to ventricular function curves to demonstrate the positive inotropic effect of increasing heart rate. A sudden reduction in EDV, as occurs during the first beat after an increase in rate, results in a fall in VCF (Fig. 4 , point a to point b), a manifestation of heterometric autoregulation (18) . As the positive inotropic effects ofactivation (14) gradually accumulate at the same EDV, VCF rises to a value (point c) on a new function curve that is inscribed upward and to the left. Similarly, when control EDV is reinstated by a sudden reduction of rate, VCF rises along this function curve (to point d) which describes the frequencydependent change in contractility. The mncagnitude of inotropic response to tachycardia in our study is similar to that in studies on unanesthetized animals by Mahler et al. (2) and Anderson et al. (17) but is more pronounced than that from studies by Noble and Higgins and their associates (21, 22) . Anderson (17) suggests that the inotropic response is bimodal, separating into an early, rapidly equilibrating phase and a later, slowly equilibrating phase. Thus, divergent results among studies may be obtained because observations are made in different phases ofthe contractile response. Other possible explanations may be that differences exist according to species (14) , the magnitude of increased rate, or in basal ventricular function (22, 23) . Fig. 2 demonstrates that the magnitude of the change in rate is important in assessing the contractile response. Similar observations have been mnade in isolated muscle (14, 49) and conscious animiials (2, 17) an-d in mnan (36, 37) . Higgens et al. (22) showed that the inotropic response to increasing heart rate in conlscioUs dogs was augmented during druginduced myocardial depression. Others have noted similar results obtained from analysis of postextrasystolic potentiation (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Our analysis of this (luestion showed a poor correlation of the magnitude of increase in VCF with basal ventricular function in 16 patients (r = -0.54).
The exponential decay of positive inotropic effects of tachycardia (Fig. 3) in our patients was consistent with that described for conscious dogs (2) . The order of magnitude of tl2 appears to be characteristic of the intact or conscious animal, being much shorter than that for in vitro preparations (14, 49) .
In summary, we have demonistrated in awake man that the left ventricular contractile state can be considerably augmented by can increase in heart rate, independent of changes in other parameters influencing ventricular performance. This capacity for increasing contractility represents a ceitain degree of cardiac reserve whose functional significance may be as a contribution to improved performace during states of physiologic tachycardia such as exercise and emotion. Moreover, onir results suggest that interpretation of inotropic drug effects on cardiac performance or of results of serial studies should be m-ade after considering the direct contribution of the change in heart rate.
